Sakharov oscillations, conventionally discussed in the context of early universe evolution and the anisotropy of cosmic microwave background radiation, is the manifestation of interfering acoustic waves synchronously generated in an ideal fluid. Here we report the laboratory demonstration of Sakharov oscillations in a quenched atomic superfluid. We quench the sample by Feshbach tuning and monitor the subsequent density fluctuations at different time and length scales by in situ imaging. Sakharov oscillations are identified as the multi-peak structure in the atomic density power spectrum, resembling that of the cosmic microwave background. We also observe Sakharov oscillations in the time domain, from which we extract the energy dispersion of the superfluid, and determine the sonic horizon of the excitations.
Remarkably, the evolution of the early universe depends solely on hydrodynamics and the equation of state, and is insensitive to the microscopic details. Demonstration of Sakharov oscillations in laboratory conditions is possible [9] . In our analogy, the role of gravitational pull and radiation pressure in the cosmic fluid can be captured respectively by the Boson bunching and atomic repulsive interaction in a superfluid [10] . Gravitational instability after inflation can be simulated by a quench of the atomic interaction. In both systems, excitations propagate hydrodynamically as acoustic waves which can superimpose and interfere. These features underlie many intriguing ideas [11] and experiments [12, 13] to associate cosmology and black hole physics to the dynamics of quantum gases.
Sakharov oscillations result from interfering acoustic waves that are synchronously generated throughout a fluid [4] . The synchronous generation ensures the phase coherence of the acoustic waves [14] , while the sound speed v relates the time and length scales of the wave dynamics. Assume that two counter-propagating waves with momenta k and − k are created with a relative phase φ, where 2π is the Planck constant. After propagating for a time τ , the waves interfere construc- tively when 2kvτ + φ = 2mπ and destructively when 2kvτ + φ = 2(m − 1/2)π, where m = 1, 2, 3... Notably, k c = π/vτ defines the sonic horizon and Sakharov oscillations occur in the "sub-horizon regime" k > k c . In the "super-horizon regime" k < k c , no interference is expected [4] . In this letter, we report the observation of Sakharov oscillations in quenched atomic superfluids. To synchronously generate sound waves in a superfluid, we quench the atomic interactions by Feshbach tuning [15] .
We then monitor the density responses by in situ imaging. The density fluctuations of the sample show a multipeak structure in the power spectrum, resembling that of the CMB radiation. From the temporal evolution of the density fluctuations, we further determine the dispersion and the sonic horizon of the superfluid. Based on the Bololiugbov theory, we interpret the oscillations as the interference of phonon pairs created by the quench. Remarkably, theoretical studies on the spatial correlations of fast expanding two-dimensional (2D) Bose gases [16] , and of a quenched Bose gas [17] suggest similar structures.
Our experiment is based on 2D atomic superfluids. Details of the experimental setup are given in Ref. [18] . In brief, we laser cool and Bose condense cesium atoms in an optical dipole trap, which is then adiabatically deformed into a highly oblate potential with a high harmonic vibrational frequency of ω z = 2π × 1900 Hz in the vertical (z-) direction and a low frequency of ω r = 2π × 9 Hz in the radial (r-) direction. The atomic sample forms an almost pure 2D superfluid with typically 2 × 10 4 atoms at an equilibrium temperature T = 10 ∼ 15nK. The sample extends over 30 µm in the radial direction and, in the z-direction, occupies the vibrational ground state with a harmonic oscillator length of l z = 200 nm. The interaction strength of the 2D superfluid is characterized by a dimensionless parameter g = √ 8πa/l z [19] , where the scattering length a is tunable via a magnetic Feshbach resonance [15] .
To induce synchronous phonon excitations, we quench the interaction g from an initial value g i to a final value g f by switching the magnetic field. The 95% switching time of the field is below 300 µs, fast compared to all relevant time scales in the radial direction. After the quench, we maintain the interaction at g f for a variable hold time τ , and perform in situ absorption imaging at g = 0 to record the atomic density distribution [20, 21] . The experimental procedure is illustrated in Fig. 1(a) . Throughout this paper, we study dynamics for short evolution times τ < 8 ms, much shorter than the radial vibrational time scale of 2π/ω r = 110 ms, and the mean density is effectively a constant. Figure 1(b) shows the density fluctuations after quenching the interaction from g i = 0.25 to g f = 0.079. Here, density fluctuations are evaluated pixel-wise using δn i = n i −n i , where n i is the atomic density measured on the i-th pixel of the imaging camera andn i is the mean atomic density we derive after averaging 25 images.
When the interaction is quenched to a smaller value g f < g i , we observe an apparent growth of density fluctuations, both in amplitude and in its length scale, as hold time increases; see Fig. 1(b) . This trend is consistent with the expectation that the superfluid is evolving toward the weak interaction regime [20] . On the other hand, for quenches to a larger interaction strength g f > g i , we observe an opposite trend with decreasing amplitude and length scale in the density fluctuations.
To study the evolution of the density fluctuations and search for Sakharov oscillations, we evaluate the density structure factor S(k) =
, defined as the power spectrum of the density fluctuations [22] . Here δn(k) is the Fourier transform of the density fluctuation δn(r) in real space, k is the momentum wave vector, and N is the total particle number. The structure factor S(k) is analogous to the angular power spectrum in CMB when a small patch of the sky is analyzed.
We evaluate the structure factor based on the central 32 × 32 pixels of the atomic images, where the mean densityn is almost uniform. We then perform discrete Fourier transform δn(k) = A j δn j e −ik·rj , where A = (0.66 µm)
2 is the camera pixel size on the object plane. Care has been taken to remove background fluctuations due to photon shot-noise, as well as imaging distortions introduced by optical aberrations [20] . We further bin the spectrum according to the wavenumber k = |k|. Our extraction of S(k) is limited to k ≤ 2/µm by the imaging resolution and to k > 0.3/µm by the resolution of the discrete Fourier transform.
Strong enhancement of the density fluctuations and Sakharov oscillations are observed after we quench the interaction g to a smaller value. Figure 2(a) shows the density fluctuation spectra after the quench, extracted from images as shown in Fig. 1(b) . At τ = 0, the initial power spectrum of the thermal sample at g i = 0.25 is rather featureless, as a result of strong interaction and a short correlation length [20] . After the quench, the fluctuations amplify: a peak in the spectrum quickly appears in the first few milliseconds, and its location moves toward smaller k as time τ increases. This trend suggests that the correlations are spreading out at a finite speed. Spreading of correlations was also reported in a quenched atomic Mott insulator [23] . At longer hold times (τ > 5 ms), the second peak emerges at the detectable range of the power spectrum. The multiple peaks and troughs represent the Sakharov oscillations in the superfluid, resembling those in the angular spectrum of CMB radiation, and support the picture that phonons are created coherently and can interfere at later times.
For quenches toward stronger atomic interactions, shown in Fig. 2(b) , we observe a fast suppression of the fluctuations as the propagation time τ increases. This trend is consistent with the evolution of the superfluid toward the strong interaction regime. We find a similar time scale for the evolution of the structure factor, but no clear oscillations are observed. Further evidence of Sakharov oscillations will be presented below in the time-dependence of the correlations.
We develop a theoretical understanding of the quench dynamics by the Bogoliubov theory of a weakly interacting Bose gas (supplementary information). At low temperatures, the structure factor can be expressed in the quasi-particle basis as
where
is the annihilation (creation) operator of quasi-particles at momentum k, v = m √ ng is the speed of sound, ξ = /mv is the healing length, and m is the atomic mass.
Before the quench, the atomic superfluid is in thermal equilibrium, and the structure factor is given by
, where ǫ i (k) is the initial dispersion; see supplementary material. The quench projects the initial state onto a new quasi-particles basis, and, after an evolution time τ , quasi-particles of opposite momenta can interfere, as indicated by the time dependent terms in Eq. (1). The structure factor S(k, τ ) after the quench is calculated as
This result suggests a series of acoustic peaks and troughs at ǫ(k)τ / = π/2, π..., which we identify as Sakharov oscillations in atomic quantum gases. The above theoretical form of S(k, τ ) captures well the experimental structure factor after quenches toward weaker interactions, as shown in Fig. 2(a) . We find that the locations of the first and the secondary peaks agree well with the Bogoliubov prediction based on the calculated dispersion and the hold time τ . This agreement supports the picture that counter-propagating quasiparticles coherently interfere after the quench. The observed oscillation amplitudes at larger k are, however, lower than the prediction. The deviations are likely caused by dephasing of phonons at large momenta or residual imaging imperfections [24] . For quenches toward larger interaction strengths, the Bogoliubov theory fails to describe our measurement, as will be discussed below. Sakharov oscillations also manifest in the temporal evolution of the structure factor. Based on the same set of measurements as in Fig. 2 , we show the time evolution of S(k, τ ) for various fixed wavenumbers k; see Fig. 3 . Oscillatory behavior in S(k, τ ) is evident for quenches toward either smaller or larger interaction strengths g f ; see Fig. 3 (b) . We attribute the ease of observing Sakharov oscillations in the time domain over k-space to the higher temporal resolution of our experiment. By and large, we observe as many as 3 oscillations at various k within the 8 ms evolution time. The only exceptions are cases with very small wavenumbers, e.g., k ≤ 0.7 /µm, for which the oscillation periods are expected to be long and the oscillations may be over-damped.
The oscillation frequency of the structure factor in the time domain reflects the energy dispersion of the system, as suggested by Eq. (2). Adopting simple sinusoidal fits, shown as solid lines in Fig. 3(a) and (b) , we determine the oscillation frequencies for various k and g f . In Fig. 4 , we summarize 5 sets of measurements on atomic superfluids quenched to either smaller or larger atomic interactions. We compare our results with Eq. (2), which suggests the oscillation frequency corresponds to twice the phonon energy f = 2ǫ(k)/h. Good agreement with the Bogoliubov theory is obtained for quenches toward weaker interactions. This result is fully consistent with the momentum spectra, shown in Fig. 2(a) , where the peak feature in k-space also follows the theory well. Measurements for quenches to stronger interactions, however, show significantly higher frequencies than those indicated by the Bogoliubov theory. This discrepancy between quench-down and quench-up can be clearly seen when we further plot the frequency spectra in the scaled units; see Figs. 3(b) and (c). In the scaled units, our measurements collapse to a single curve, which, for quench-down experiments g f < g i , is consistent with the Bogoliubov dispersion; for quench-ups g f > g i , the data overlap, but are about 65% above the Bogoliubov prediction.
The scaling of the oscillations in the momentum and temporal domains suggests a universal energymomentum relationship of the excitations in a 2D superfluid and a coherent and self-similar acoustic propagation of the density fluctuations. From the oscillation periods, we confirm the sonic horizon as k = π/vτ for small wavenumber k. Our result shows good agreement with the Bogoliubov theory when the interaction is quenched to smaller values. Here, we observe an enhancement and Sakharov oscillations of the density correlations, similar to the expected behavior in the early universe. When the interaction is quenched to larger values, Sakharov oscillation is observed in the time domain. Measured dispersions, however, deviate from the Bogoliubov prediction by ∼65% when the system is left at large interaction strengths. Detailed study of the fluctuations in superfluids with large interactions will be performed and reported elsewhere.
We are grateful to Leo Radzihovsky, Wayne Hu and Chao-Lin Kuo for helpful discussions. We thank X. is the hyperbolic angle separation between two bases, and ǫ i (k) is the Bogoliubov energy before the quench. Using Eqns. (11) and (12) , and applying equilibrium Bose statistics to the initial state population, Eq. (7) can be written as
or, equivalently,
2kB T is the initial equilibrium structure factor. Applicability of Eq. (14) can also be verified using the density-phase formalism [25] . This formalism also shows the breakdown of Eq. (14) in case when g f = 0 and the initial temperature is close to the BerezinskyKosterlitz-Thouless superfluid transition, in agreement with Ref. [16] .
